Four anesthetized rabbits given intratracheal injections of hydrochloric acid, p H 1.5, 2 ml/kg, were killed 4 h later. A fifth rabbit was an untreated control. Each lung had a few red-brown patches of compression atelectasis. Microscopically, treated lungs had a severe exudative necrotizing bronchitis, bronchiolitis, and alveolitis. There was also intra-alveolar hemorrhage and edema. Electron microscopy showed folds, projections and focal swellings of type I cells lining affected alveoli. A morphometric study showed 69% of parenchyma to be normal, 26% edematous and 5 % hemorrhagic. In the airways 58% of the epithelium was damaged.
Aspiration of gastric contents into the lungs and the subsequent development of pneumonia, especially when it occurs as a consequence of general anesthesia and parturition [7, 10, 111 is known in man as 'Mendelson's Syndrome'. Although aspiration pneumonia occurs in animals and is mentioned in veterinary texts on anesthesia as a potential hazard, there is no information on how often it happens. The susceptibility of various animal species to aspiration pneumonia has been reported in several papers [ 5 , 1 I , 17, 181. Experiments have shown [5, 11, 171 , that the most important constituent of gastric fluid as far as lung damage is concerned is hydrochloric acid. Moreover, the degree of acidity is critical. Although damage can be caused by water, physiological saline and weakly acidic fluid, it is much less severe than that caused by acid of the appropriate pH.
Studies of both experimental and spontaneous aspiration pneumonia have dealt in detail with clinical and radiographic features and responses to various treatments [3,5,7,8, 1 1, 121 . Some of the gross and microscopic changes that occur in the lungs have also been described [ 1, 8, 9, 11, [13] [14] [15] 181 but a complete pathologic study has not been done. There has been a tendency to assume that the most damage was to the alveolocapillary membrane and for this reason scant attention has been given to the airways. The present study reports in detail the pathologic and morphometric findings in lungs of rabbits with experimentally induced aspiration pneumonia.
Materials and Methods
Five adult New Zealand White male rabbits were anesthetized with halothane and spontaneously ventilated with oxygen. A tracheostomy was done on each rabbit and a plastic tube inserted. An aqueous solution of hydrochloric acid, pH 1.5, was injected slowly through the tube into each of four rabbits in an amount of 2 ml/kg; the fifth rabbit was prepared in the same way, but no fluid was injected. The rabbits were allowed to breathe spontaneously for 4 h, after which the connection to the anesthetic apparatus was closed and about 40 ml of air was injected immediately into the endotracheal tube.
The thorax was opened as quickly as possible, the trachea clamped shut, and the lungs with heart were removed and examined. The lungs were sliced transversely, beginning at the posterior edge, into alternate thick (about 4 mm) and thin (about 1 mm) slices. As this was done the cut surface was examined. The thick slices were immersed in 10% formalin and the thin ones in 1.5% glutaraldehyde in cacodylate buffer. The formalin-fixed tissue was embedded in paraffin, cut at 5 pm and stained with hematoxylin and eosin. The other slices were held in cold glutaraldehyde for 15-18 h, cut into I-mm cubes and rinsed during three 10-min periods in cacodylate buffer; they were then put in an aqueous 1.0% solution of osmium tetroxide in s-collidine buffer for 1.5 h with a 10-min evacuation. The cubes were finally rinsed in s-collidine buffer for three consecutive 10-min periods. All these fixations and rinses were done on a rotary shaker. The cubes were dehydrated in a graded series of acetone and embedded in either araldite or spurr. Thin (0.5-1 .O pm) and ultrathin (about 900 A) sections were mounted on glass slides and 400 mesh copper grids, respectively. The thin sections were stained with I % aqueous toluidine blue and the ultrathin ones with uranyl acetate and lead citrate.
To quantify the amount of damage to the lungs of the acid-treated rabbits a point count was done with a Zeiss 25-point eyepiece on all sections except those with excessive artifactual damage, mainly compression, caused when the lungs were sliced. Because each transverse section of lung fitted on a slide, it was not necessary to make a random selection. Each section was traversed vertically and horizontally in a systematic manner and all fields that filled the point-counting eyepiece were used. A record, as follows, was made of the predominant changes and of normal structures over which each point lay: normal parenchyma; edematous parenchyma, with or without cellular exudate; bronchi, bronchioles, arteries, veins and lymphatics; and parenchymal hemorrhage. Parenchyma was defined as alveoli, alveolar walls, sacs, ducts, and terminal airways. All counting was done by the same person to keep variations in interpretation to a minimum. Since cellular exudation into alveoli was always accompanied by alveolar edema, and the reverse was not true, edema was given preference in the count.
DODD ei at.
Damage to airway epithelium, which was prominent and extensive, was quantified by a linear point count at a magnification of 400. The 6-point line in the Zeiss eyepiece was used as a reference. When this line could be laid over a reasonably straight section of airway a t least as long as the line a count was made of the state of the epithelium at each point, which was recorded as either normal or damaged. All such lengths of airways from bronchi to bronchioles were used.
Results

Gross Pathology
There were dull, red-brown, slightly compressed patches along the dorsal border of the lungs of two rabbits that were supine during most of the 4-h period. Most of the cut surfaces were normal but a few in acid-treated lungs had poorly defined red-brown patches up to about 5 mm wide. These changes were slight and there was little difference between lungs treated with acid and the untreated control lungs.
Microscopic Pathology
In acid-treated lungs there was damage to the epithelium of airways from the trachea to terminal bronchioles. Parenchymal changes, mainly alveolar edema, hemorrhage, and exudation of inflammatory cells, mostly heterophils and alveolar macrophages, were scattered through the lungs on an apparently random basis. The degree of damage varied greatly.
Normal bronchiolar epithelium, as seen in the control rabbit and undamaged bronchioles of treated rabbits, had a fairly even layer of cuboidal epithelial cells ( fig. 1 ). In acid-treated rabbits the mildest change was a round pink swelling, at the tip of the cells, that projected into the lumen (fig. 2). A few airway epithelial cells of the control rabbit had similar swellings. A slightly more advanced stage was indicated by a ragged epithelial surface from which some cells had sloughed ( fig. 3) . In such airways fragments of epithelial cells with a few heterophils and red cells were often in the lumen. Heterophils were also in the lamina propria. Occasionally in the epithelium or wall of a bronchiole there was a defect or rupture and, in the immediate vicinity, some red cells ( fig. 3, 4) . Cellular debris consisting of epithelial cells, red cells, alveolar macrophages, and heterophils was in many airways and some alveoli. In some airways the amount was slight ( fig. 5 ) ; in others it filled the lumen ( fig. 6 ). Between these extremes many stages were seen. It was not unusual to see a short segment of apparently normal cells in an otherwise severely damaged epithelium ( fig. 7) . The typical picture in such an airway was the accumulation of heterophils in masses in the lumen and the attachment of many such cells to epithelial cells in the process of sloughing away from the basal lamina ( fig. 8 ). Infiltration of the lamina propria by heterophils and their migration through epithelium to the lumen were evident ( fig. 9 ). Many of these cells seemed to be attached to the ciliated border. In some terminal bronchioles and alveoli considerable amounts of pink homogeneous fluid and red cells had accumulated ( fig. 10, 11 ). Inflammatory cells, degenerated epithelial cells, and cellular fragments were often mixed with the fluid and red cells in alveoli. In sections stained with toluidine blue many vacuoles were seen in the cytoplasm of bronchiolar epithelial cells ( fig. 12 ). No such vacuoles were seen in the same type of cells in the control rabbit.
Apart from the accumulation of fluid and cells in alveoli and airways no changes in alveolar walls were detected by light microscopy. Type I1 epithelial cells with many cytoplasmic vacuoles were seen in thin sections ( fig. 13 ) but they were equally abundant in control tissues. Vacuolated alveolar macrophages were also plentiful in acid-treated lungs ( fig. 14) but were absent from the control lung. Fig. 15 . Control rabbit. Three compressed and folded alveolar walls and spaces(s). Uranyl acetate and lead citrate. 
Electron Microscopy
In control lungs and areas of parenchyma that looked normal in thin sections of acid-treated lungs, the alveolo-capillary membranes were considerably folded ( fig. 15, 16) .
In areas selected because of alveolar edema many additional changes were evident. Besides the folds in the membrane the epithelial surface had numerous projections and bulges ( fig. 16 ). The alveoli contained finely granular, fairly evenly dispersed electron-dense material, as well as the cells previously seen by light microscopy in regular and thin sections ; fragments of cells and their organelles were also seen. A few alveoli contained long, thin, irregularly folded and arranged double-layered membranes of varied thickness either attached to or surrounding what appeared to be severely damaged cells or parts thereof ( fig. 17 ). The vacuoles seen by light microscopy in type I1 cells were sites normally filled with osmiophilic bodies. In the lungs of the normal rabbit loss of these bodies was not as complete as in acid-treated lungs. Some of the bulges of the epithelial surface were caused by vacuoles apparently in the cytoplasm of type I epithelial cells ( fig. 18 ). Swelling and edema of the interstitium of alveolar walls was equivocal in many areas.
Electron micrographs of acid-damaged bronchiolar epithelium confirmed the extensive cytoplasmic vacuolation seen in sections stained with toluidine blue (fig. 19) . The vacuoles were membrane bound. None was seen in the control lung.
Morphometry
Seventeen transverse sections of lung from the three acid-treated rabbits were used to determine the relative amounts of damage. Eight thousand five hundred thirty points were counted. Fifty-two percent of the tissue was normal parenchyma, 24.2",, vessels and airways with the exclusion of terminal bronchioles, 19.8 O0 edematous parenchyma and 4",, hemorrhagic parenchyma. A better appreciation of the amount of parenchymal change was obtained by excluding vessels and airways and considering parenchyma * All blood and lymph vessels and airways except terminal bronchioles.
a All components of lung. Parenchyma only; vessels and larger airways excluded. only as the whole. By this method 6900 was normal, 26", edematous, and 5 9,, hemorrhagic.
Because artifactual compression did not affect airway epithelium, 29 transverse sections of lung were suitable for the linear point count of damaged versus undamaged epithelium. Fifteen hundred sixty-one points were counted and of these 907 (58"L) lay over damaged cells and 654 (42%) over normal cells.
These results are summarized in tables I and 11.
Discussion
The microscopic detection of changes in alveolar walls is done with greater facility if the lungs are fixed while inflated because there are few artifacts caused by compression and contraction of the tissue and because of better fixation. In earlier unreported experiments lungs were fixed by tracheal perfusion but because of thick cellular exudate in the airways the present method was used. By immersing freshly cut slices of lung in fixative we precluded the flushing of exudate into alveoli from the airways and the creation of a false picture. This method forced us to contend with effects of compression and contraction but with the other methods it might have appeared that most of the exudate was in alveoli rather than airways and that the alveolar wall was the major site of damage. The matter of whether the alveolar or airway lining suffers the most damage is debatable. The quality of damage is difficult to assess by morphologic standards alone. Function probably provides the best assessment of damage but because we have no measure of it, the point remains unsettled. We were able to show, however, that damage was severe from trachea to alveolus and was much more extensive in airways. It is evident that the defense function of the mucociliary barrier must have been disturbed and that such lungs would have been easy targets for bacterial and fungal organisms.
A matter that needs to be resolved is whether the alveolar exudate came from alveolar interstitium or from airways. Our methods do not permit an unequivocal answer. The much greater response by inflammatory cells in airways and the failure of mucociliary function suggest that some and perhaps most of the leukocytes and red cells in alveoli came from adjacent airways. Although leukocytes migrating from vessels through damaged epithelium to the lumen are readily seen, the matter of specific sites of escape of red cells from vessels is a more difficult one to resolve. In a few sections we saw possible sites of hemorrhage in terminal bronchioles and it is certain that red cells could go directly from there to alveoli. Although alveolar capillaries must also be considered as a site of hemorrhage, no rupture of capillary endothelium was seen in numerous sections examined in the electron microscope, and no red cells were seen escaping through opened endothelial junctions. The same discussion can apply to the origin of the fluid in airways and alveoli. Our tentative conclusion is that whereas inflammatory cells, red cells and fluid could have come from alveolar capillaries, it is more reasonable to assume that the airways provided most, if not all, of each of these constituents.
The local swellings and projections of alveolar walls are the same as described in other papers [ 1, 13, 151 . Some seem to be caused by collection of fluid beneath or in the wall of type I cells and capillary endothelium; others and especially those that seem to be outward folds may be evidence of proliferation of plasma membrane in response to injury. Because of its length the double-layered structure or membrane in figure 17 is probably not a damaged membrane that has bulged into the space. Although the time from insult to fixation of tissue was only 4 h, this is enough time for plasma membranes to proliferate.
The morphometric studies support the evidence that damage to airway epithelium is more significant than parenchymal damage, since more than half of the former was affected and only a quarter of the parenchyma. The results show how a quantitative analysis can draw attention to important features that would otherwise be overlooked. In tissue sections, changes in a single-layered epithelium do not look as striking as those of larger surface areas. Thus one could easily be more impressed by parenchymal edema, hemorrhage and cellular exudation than by damaged epithelial cells of airways. Because the acid solution flowed over the airway surfaces before it reached alveoli, most of it may have been absorbed by the airway epithelium. This would be consistent with our findings and the fact that acidity is the critical factor in the pathogenesis of aspiration pneumonia. The volume of fluid that enters lungs must also be important because if enough were given, the lung could be overwhelmed. We suggest, however, that though there is enough parenchyma to permit adequate gaseous exchange, the extent and severity of airway damage would predispose the lung to secondary bacterial and fungal infection. The necrotic mucosal tissue would make a suitable medium for the growth of such organisms. Antibiotics given parenterally probably would not be able to reach necrotic mucosa because of the destruction of blood vessels normally present.
We conclude from our studies that a significant gap in our knowledge of acid-aspiration pneumonia has been closed. We have confirmed parenchymal changes previously described but have shown in addition the extent and severity of damage by acid to airway epithelium. In the total picture, changes in airways may make a greater contribution to the outcome than those in alveoli; they should be given more consideration by those responsible for treating patients with acid-aspiration pneumonia.
